1. Introduction {#sec1-microorganisms-08-00180}
===============

The genus *Cryptococcus* is defined by basidiomycetous fungi that can transform into a yeast state \[[@B1-microorganisms-08-00180]\]. This polyphyletic genus is home to over 50 species; however, two of them have emerged as important human pathogens \[[@B2-microorganisms-08-00180]\]. *Cryptococcus (C.) neoformans*, one of these pathogenic species, was first described from a surgical specimen of a 31-year-old woman in 1894 by pathologist Otto Busse. In the same year, Sanfelice isolated the same yeast from peach juice and named it *Saccharomyces neoformans*, but because the organism neither ferments nor forms ascospores, Vuillemin renamed it as *C. neoformans* in 1901 \[[@B3-microorganisms-08-00180]\].

In general, when cultivated on 2% malt agar, *C. neoformans* forms smooth, mucoid cream coloured colonies \[[@B4-microorganisms-08-00180]\]. Furthermore, when examined under the microscope, the yeast appears as encapsulated, globose to ovoid-shaped cells with a diameter between 2.5 and 10 μm. Initially, isolates were grouped according to their capsular epitopes and further into varieties based on molecular typing \[[@B5-microorganisms-08-00180],[@B6-microorganisms-08-00180],[@B7-microorganisms-08-00180],[@B8-microorganisms-08-00180],[@B9-microorganisms-08-00180],[@B10-microorganisms-08-00180],[@B11-microorganisms-08-00180]\]. Since then, *C. neoformans* and the closely related species, *C. gattii*, have undergone numerous nomenclature revisions. The most recent system proposes a group of seven species, with those previously designated *C. neoformans* var. *grubii*, now regarded as *C. neoformans sensu lato* and those designated *C. neoformans* var. *neoformans*, now elevated to species level and designated as *C. deneoformans* (which is endemic in Europe) \[[@B12-microorganisms-08-00180]\].

At the beginning of the 1900s, this organism was considered a rare species. However, a gradual increase in the population presenting with immunocompromised conditions due to human immunodeficiency virus (HIV) infections and the use of immunosuppressive therapies led to a concomitant rise in isolation of *C. neoformans* in the clinical setting \[[@B13-microorganisms-08-00180]\]. *C. neoformans* is ubiquitous in the environment and is frequently found in soil contaminated with bird droppings \[[@B14-microorganisms-08-00180]\]. Globally, cryptococcal cells have been isolated from their most common environmental habitats: trees such as *Eucalyptus* \[[@B15-microorganisms-08-00180]\].

When desiccated yeast cells or basidiospores are inhaled, they can lodge in the alveoli of hosts---despite airway turbulence in the respiratory tract \[[@B16-microorganisms-08-00180]\]---leading to the development of primary lung infection \[[@B2-microorganisms-08-00180]\]. In immunocompetent individuals, the immune system is usually able to clear the invading fungal cells from the body \[[@B17-microorganisms-08-00180]\]. However, if the immune system is impaired, the cells can disseminate via a haematogenous route (sometimes by hiding inside macrophages) to practically every organ in the body, including the central nervous system (CNS) \[[@B18-microorganisms-08-00180]\]. Interestingly, cryptococcal cells have been shown to have a particular predilection for the brain. Following the successful crossing of the blood--brain barrier (BBB), the fungal cells hinder the brain's ability to reabsorb cerebrospinal fluid (CSF), consequently causing an inflammatory condition called meningoencephalitis \[[@B19-microorganisms-08-00180]\]. This condition is often fatal in immunocompromised cases and is also regarded as an acquired immunodeficiency syndrome (AIDS)-defining illness \[[@B20-microorganisms-08-00180]\]. Thus, it is not surprising to document high mortality rates due to CNS cryptococcal infection among people infected with HIV \[[@B21-microorganisms-08-00180]\].

2. Survival of *C. neoformans* in the Environment {#sec2-microorganisms-08-00180}
=================================================

Some microorganisms can spread from person-to-person through direct transmission, e.g., *Mycobacterium tuberculosis*, which spreads through cough-generated aerosols \[[@B22-microorganisms-08-00180]\]. Fortunately, in the case of *C. neoformans*, the organism is unable to disseminate from an infected person to a healthy individual, limiting the spread of the fungus between people \[[@B23-microorganisms-08-00180]\]. A plausible way for cryptococcal cells to return to the environment is via the decomposition of an infected host or host body part. Taking into consideration a large number of microbes that populate environmental niches, and the challenges and threats they must confront to survive \[[@B24-microorganisms-08-00180],[@B25-microorganisms-08-00180]\], it is logical that organisms must have individualised survival strategies to negotiate the changes in environments and stimulants. To adequately respond to these changes, various signalling processes are initiated in the fungus that allows for the development, growth, and production of virulence factors. Close to 1700 genes have been identified to be responsible for environmental stress response (ESR) in *C. neoformans* \[[@B26-microorganisms-08-00180],[@B27-microorganisms-08-00180],[@B28-microorganisms-08-00180]\]. There is a biochemical relay of signals that are involved in this adaptation: the sensors/receptors/adaptors, G-proteins, secondary messengers, protein kinases, transcriptional factors, and regulators \[[@B29-microorganisms-08-00180],[@B30-microorganisms-08-00180]\].

As shown in [Figure 1](#microorganisms-08-00180-f001){ref-type="fig"}, *C. neoformans* uses the high-osmolarity glycerol (HOG) response pathway to resist diverse environmental stresses (such as osmotic shock, oxidative stress, nutrient shortage, and genotoxic stress) and express some phenotypic traits in growth, differentiation, production of virulence factors, and ergosterol biosynthesis \[[@B31-microorganisms-08-00180]\]. This HOG pathway consists of mitogen-activated protein kinase (MAPK) and Hog1 and subsequently Pbs2 MAPK kinase (MAPKK) and Ssk2/22 MAPKK kinase (MAPKKK). These pathways are stress-activated to increase the phosphorylation of Hog1 to resist various environmental stresses \[[@B32-microorganisms-08-00180]\]. The HOG pathway controls other subsets of pathways and the expression of other regulatory genes. These include cation transporters (*ENA1*) and pH homeostatic genes (*NHA1*) that are co-regulated by pH-sensing Rim101 and Nrg1 signalling pathways \[[@B31-microorganisms-08-00180],[@B33-microorganisms-08-00180]\], aquaporin gene (*AQP1*) for water balance, sulfiredoxin gene (*SRX1*) against peroxides \[[@B31-microorganisms-08-00180],[@B34-microorganisms-08-00180]\], and signalling regulator kinases such as Hrk1 \[[@B35-microorganisms-08-00180]\] and Sch9 kinases \[[@B31-microorganisms-08-00180]\] for osmotic balance and oxidative stress, respectively.

Furthermore, the HOG pathway regulates the transcriptional factors, such as Atf1, for sensing diverse environmental factors and regulating virulence factors \[[@B36-microorganisms-08-00180],[@B37-microorganisms-08-00180]\] and Mbs1, for genotoxic stress response, ergosterol biosynthesis, membrane integrity, oxidative stress response, osmotic stress response, and the production of the virulence factors \[[@B38-microorganisms-08-00180]\]. There are yet unknown upstream molecules that may control the activation of Ssk2--Pbs2--Hog1 cascade events ([Figure 1](#microorganisms-08-00180-f001){ref-type="fig"}).

Moreover, *C. neoformans* harnesses secondary messengers to regulate cellular signalling pathways. cAMP/PKA (cyclic AMP/protein kinase A) has emerged as a core messenger involved in cryptococcal pathogenesis \[[@B39-microorganisms-08-00180],[@B40-microorganisms-08-00180],[@B41-microorganisms-08-00180],[@B42-microorganisms-08-00180],[@B43-microorganisms-08-00180]\]. Together with the Ras signalling pathway, cAMP/PKA independently regulates and controls the *C. neoformans* responses to the environmental stresses. It has been reported that Ras and its downstream signalling factors such as Rac1 and its paralogues are more critical for *C. neoformans* to adapt to osmotic pressure, thermotolerance, actin polymerisation, and cell wall formation than cAMP/PKA \[[@B36-microorganisms-08-00180],[@B44-microorganisms-08-00180],[@B45-microorganisms-08-00180],[@B46-microorganisms-08-00180]\]. However, components of cAMP signals such as Aca1, Pka1, and Pka2 seem to play subordinate roles in adaptation to environmental stresses \[[@B28-microorganisms-08-00180]\] and are not involved in hyphae formation in *C. neoformans* during sensing and adaptation \[[@B47-microorganisms-08-00180]\]. Furthermore, independent of the cAMP/PKA, Aca1 has been shown to complement the efforts of Ras for adequate diverse stress response in *C. neoformans* \[[@B48-microorganisms-08-00180]\]. Nevertheless, the signal components (Cac1, Aca1, Gpa1, Pka1, and Pka2) of cAMP/PKA are exclusively crucial for resistance to environmental oxidants, heavy metals, and toxigenic compounds \[[@B28-microorganisms-08-00180]\] ([Figure 1](#microorganisms-08-00180-f001){ref-type="fig"}).

Apart from these key signalling pathways, *C. neoformans* also uses other related pathways and virulence proteins to suppress environmental stress. Msl1-like protein, which negatively regulates cAMP signalling upstream of Cac1, produces phenotypic changes that are independent of Ras and cAMP/PKA leading to thermotolerance, peroxide resistance, gene repair, and cell mating \[[@B49-microorganisms-08-00180],[@B50-microorganisms-08-00180]\] ([Figure 1](#microorganisms-08-00180-f001){ref-type="fig"}). Sch9 kinase Hog1-dependent signalling pathway, which is a nutrient-sensing signalling pathway like the TORC1 pathway \[[@B51-microorganisms-08-00180]\], promotes cellular adaptation to oxidative and thermal stresses \[[@B31-microorganisms-08-00180],[@B52-microorganisms-08-00180],[@B53-microorganisms-08-00180]\]. However, this pathway can sometimes bypass the Hog1 regulatory mechanism to facilitate environmental stress response to toxigenic heavy metals, cations, and antifungals \[[@B53-microorganisms-08-00180]\]. *C. neoformans* can combine the Rim101--PKA dependent signalling pathways to sense nutrient and mineral depletion \[[@B54-microorganisms-08-00180],[@B55-microorganisms-08-00180]\], adapt to pH changes in the macrophage phagolysosome, CSF, and serum \[[@B56-microorganisms-08-00180],[@B57-microorganisms-08-00180]\]. The same pathways are responsible for cell wall remodelling \[[@B56-microorganisms-08-00180]\] and titanisation \[[@B58-microorganisms-08-00180]\].

Ca^2+^-dependent/independent-Calmodulin and Calcineurin-dependent/independent-Calmodulin signalling pathways in *C. neoformans* are involved in thermotolerance, high CO~2~ resistance, alkaline pH resistance, cell wall integrity and architecture, and cell mating \[[@B59-microorganisms-08-00180],[@B60-microorganisms-08-00180],[@B61-microorganisms-08-00180],[@B62-microorganisms-08-00180],[@B63-microorganisms-08-00180],[@B64-microorganisms-08-00180],[@B65-microorganisms-08-00180]\]. Lastly, Pkc1 and Mpk1 MAPK signalling pathways are involved in azole and toxigenic resistance by controlling the sphingolipid level \[[@B32-microorganisms-08-00180],[@B66-microorganisms-08-00180]\], cell wall integrity \[[@B67-microorganisms-08-00180]\], stress tolerance \[[@B68-microorganisms-08-00180]\], thermotolerance \[[@B69-microorganisms-08-00180]\], and oxidative and nitrosative tolerance \[[@B70-microorganisms-08-00180]\] ([Figure 1](#microorganisms-08-00180-f001){ref-type="fig"}). Thus, it is clear that *C. neoformans* evolved mechanisms to transform environmental stress signals into an enabled phenotypic and metabolic status that promotes cryptococcal pathogenesis.

3. Environmental Factors that Assist in the Maintenance of Virulence Traits {#sec3-microorganisms-08-00180}
===========================================================================

3.1. Thermotolerance {#sec3dot1-microorganisms-08-00180}
--------------------

Temperature shift is an important ecological factor that microbes ought to successfully negotiate. Cryptococcal cells are mesophilic, and thus well adapted to survive at lower environmental temperatures than in mammalian bodies. Hence cryptococcal cells have been isolated from environmental hosts such as amoeba \[[@B71-microorganisms-08-00180]\]. Given the vast difference in the internal temperature of a host such as an amoeba compared to a mammalian host, it is clear the argument of Guijarro and co-workers is true that the regulation of virulence genes in response to temperature shift is modulated in different ways depending on the hosts \[[@B72-microorganisms-08-00180]\].

This saprophytic organism has been isolated from trees where metabolic energy is derived by decomposing components of the wood via the action of laccase enzyme \[[@B73-microorganisms-08-00180]\]. Laccases are widely distributed in nature and catalyse a number of important functional processes such as lignification of plant walls as well as the production of melanin \[[@B74-microorganisms-08-00180]\]. Thus, while this enzyme assists cryptococcal cells in accessing food in the environment, it has, at the same time, been shown to be co-opted to perform other roles in the physiology of this organism \[[@B74-microorganisms-08-00180]\]. To the point, the laccase enzyme can be used to produce melanin from phenolic substrates found in the environment \[[@B75-microorganisms-08-00180]\]. Production of melanin is reported to aid cells during the daytime to withstand ultraviolet (UV) light \[[@B76-microorganisms-08-00180]\] by capturing radiation energy from the sun and converting it to chemical energy \[[@B77-microorganisms-08-00180]\]. This quality (melanisation) also helps other organisms to harvest thermal radiation in vents found in the deep, dark ocean \[[@B77-microorganisms-08-00180]\] or in the case of cryptococcal cells, when colonising the "dark" spaces of mammalian host bodies \[[@B78-microorganisms-08-00180]\].

To prevent environmental microbes from colonising mammalian bodies, mammals have a higher internal temperature; however, this came at a considerable energy cost \[[@B79-microorganisms-08-00180]\]. The benefit of this is the fundamental limitation it places on microbes as their membranes begin to lose selective permeability, and protein becomes denatured at 37 °C \[[@B80-microorganisms-08-00180],[@B81-microorganisms-08-00180]\]. Therefore, to survive and operate optimally at a higher temperature, microbes ought to undergo some molecular reorganisation \[[@B82-microorganisms-08-00180]\]. For example, cells can deploy heat shock protein 90 (hsp90) that is critical in thermotolerance \[[@B83-microorganisms-08-00180]\]. *Hsp90* is a molecular chaperone that is universal in all eukaryotic organisms and is responsible for regulating the morphology of *C. neoformans* at high temperatures \[[@B84-microorganisms-08-00180],[@B85-microorganisms-08-00180]\]. This protein is documented to be expressed at low levels at 25 °C to suppress the expression of heat shock transcriptional factor (HSF) \[[@B86-microorganisms-08-00180]\]. At this temperature, this protein shows limited protein-folding capabilities, but rather assists in regulating the aggregation of already-folded proteins \[[@B87-microorganisms-08-00180]\]. It has been shown that a temperature change from 25 to 37 °C results in the upregulation of hsp90 in cryptococcal cells \[[@B88-microorganisms-08-00180]\]. Studies have shown that the inhibition of this gene results in minimal growth at 37 °C and, thus, is critical for growth at high temperatures \[[@B89-microorganisms-08-00180]\]. A perfect organism that illustrates the importance of thermotolerance is *C. podzolicus*, which, despite having essential virulence factors such as the capsule and melanin, is non-infectious because it cannot grow at 37 °C \[[@B90-microorganisms-08-00180]\].

The ability of *C. neoformans* to produce different types of hsps is pivotal to its survival in mammalian hosts. Several hsps (60, 70, and 80) have been identified as prominent antigens in animals and humans infected with *C. neoformans* \[[@B91-microorganisms-08-00180],[@B92-microorganisms-08-00180]\]. However, the *hsp12* family seemed not to be affected by temperature change \[[@B93-microorganisms-08-00180]\]. The elevated levels of proteases such as carboxypeptidase D, a serine protease, hydroxylases, and phenolic metabolic enzymes, are a reminiscence of the importance of melanin production at 37 °C during *C. neoformans* infections \[[@B78-microorganisms-08-00180],[@B92-microorganisms-08-00180]\].

Generally, *C. neoformans* adapts to high temperatures by the stress-sensing signalling pathway ([Figure 1](#microorganisms-08-00180-f001){ref-type="fig"}) and elevating transcriptional responses for the hsp, translational machinery, mitochondria accessory proteins, and stress response proteins (such as superoxide dismutase and peroxidase). In the works of \[[@B44-microorganisms-08-00180],[@B59-microorganisms-08-00180]\], it was reported that mutations in the *RAS1* and *CNA1* genes of *C. neoformans* produced avirulent and growth defective strains at 37 °C. Using serial analysis of gene expression (SAGE) and ribonucleic acid (RNA) blotting, an average of 12.5% differential transcription has been observed in *C. neoformans* (serotype A strain H99) when cultivated at 25 and 37 °C \[[@B92-microorganisms-08-00180]\]. Further analysis showed that ribosomal proteins, translational elongation factor-1α and initiation factor, cyclophilin A (CPA1 and CPA2), thioredoxin peroxidase, and superoxide dismutase are more recruited at 37 °C \[[@B92-microorganisms-08-00180],[@B94-microorganisms-08-00180]\]. However, zinc transport protein is the most highly expressed tag at 25 °C \[[@B92-microorganisms-08-00180]\].

Furthermore, Wang and co-workers in 2001 identified Cpa1 as one of the single transcriptional factor required by *C. neoformans* to grow at elevated temperatures and to produce virulence factors \[[@B95-microorganisms-08-00180]\]. Proteins such as endoplasmic reticulum (ER) chaperone binding immunoglobulin protein (BiP), benzodiazepine receptor homolog, and several ribosomal proteins are exclusively produced at 37 °C \[[@B96-microorganisms-08-00180]\]; while transcripts for histones H1, H3, H4, and translational elongation factor-3 (TEF-3) are more predominantly found at 25 °C \[[@B92-microorganisms-08-00180]\]. It has been shown that H1 and H4 are differentially regulated based on the temperature. Elevated temperature introduces conformational changes into the genes, which can alter the relative expression of histone family proteins hence, *C. neoformans* can swiftly produce H4 at 37 °C to re-establish the core histones anchor for chromatin stability, but H1 is more produced at 25 °C to maximise the chromatin packages within the nucleus \[[@B92-microorganisms-08-00180]\].

The cell membrane is critical as it also provides a platform, from which receptor proteins can initiate signalling processes \[[@B97-microorganisms-08-00180],[@B98-microorganisms-08-00180]\]. Therefore, maintaining the stability of these important cellular components at higher temperatures is critical. The latter can be achieved through the upregulation of enzymes involved in sterol and lipid metabolism. Steen and co-workers in 2002 revealed an elevated level of sterol oxidase and fatty acid desaturase and synthase at 25 °C in *C. neoformans*, which enables the pathogen to produce more unsaturated fatty acids to be incorporated into the membrane phospholipids for adequate membrane fluidity and integrity \[[@B92-microorganisms-08-00180]\]. Moreover, *C. neoformans* massively transcribed genes involved in transportation and assimilation of nutrients at 25 °C during filamentation and sporulation, and these include zinc transporter, iron permease, glucose transporters, inositol transporter, and inositol synthase \[[@B92-microorganisms-08-00180]\]. These proteins are essential for the survival of this pathogen in the host central nervous system (CNS) and brain, which are rich in glucose and inositol \[[@B99-microorganisms-08-00180],[@B100-microorganisms-08-00180]\]. There is strong speculation that the cAMP pathway may be responsible for this upregulation because of its role in the *C. neoformans* virulence production \[[@B47-microorganisms-08-00180],[@B101-microorganisms-08-00180]\].

An important quality of cryptococcal cells is the ability to undergo a morphological change. The dimorphic nature of the organism also allows diploid strains to grow vegetatively as yeasts at 37 °C and to display a filamentous morphology at 24 °C \[[@B102-microorganisms-08-00180]\]. The latter form can further degenerate into haploid spores at a lower temperature \[[@B102-microorganisms-08-00180]\].

3.2. pH Tolerance {#sec3dot2-microorganisms-08-00180}
-----------------

Birds, especially pigeons, are considered as reservoirs of cryptococcal cells, and they account for the geographical spread of the fungus \[[@B103-microorganisms-08-00180]\]. These birds re-introduce the cryptococcal cells into the environment by releasing their droppings into the soil \[[@B104-microorganisms-08-00180]\]. The bird droppings lower the pH of the contaminated soil (due to the presence of uric acid in the excreta), which can favour the replication of the cryptococcal cells \[[@B16-microorganisms-08-00180]\]. Cryptococcal cells form capsules for protection against harsh conditions through the upregulation of highly conserved pH-response regulatory genes \[[@B18-microorganisms-08-00180]\]. Therefore, it is not surprising to observe environmental isolates with marked capsule formation \[[@B105-microorganisms-08-00180]\]. However, pH can also fluctuate and impact growth. Thus, the ability to adapt to changes in pH is critical for survival in the environment and host cells.

Although cryptococcal cells often disseminate via a haematogenous route wherein the pH of the blood is neutral, they have also been found in phagosomes and guts of birds, wherein the pH is generally acidic. This (acidic environment), however, does not seem to inhibit the growth of these cells, which suggests that *C. neoformans* is well adapted to low pH \[[@B57-microorganisms-08-00180]\]. In part, this adaptation to acidic pH is beneficial to cryptococcal cells in that it allows them access to iron \[[@B106-microorganisms-08-00180],[@B107-microorganisms-08-00180]\], which is inaccessible at neutral pH due to iron being bound to transferrin \[[@B108-microorganisms-08-00180]\].

Phagocytic cells can acidify their phagolysosomal compartments, which is an essential antimicrobial mechanism during infection by pathogenic agents \[[@B58-microorganisms-08-00180]\]. However, Leon-Rodriguez and co-workers showed that cryptococcal cells could modulate the pH levels in these compartments, resulting in their incomplete acidification \[[@B109-microorganisms-08-00180]\]. Additionally, Fu and co-workers showed that by deploying ureases, cells could increase the pH, allowing them to survive for longer periods inside the macrophages \[[@B110-microorganisms-08-00180]\]. This pH modulation occurs because of urea hydrolysis to yield ammonia, which is toxic to host cells and might damage the host tissue to promote transmigration \[[@B111-microorganisms-08-00180]\], and possibly their escape from macrophages.

3.3. Tolerance to the Limitation of Nutrients and Water {#sec3dot3-microorganisms-08-00180}
-------------------------------------------------------

Upon re-entry into the soil contaminated with bird droppings; a niche characterised by low temperature and pH, cells also find themselves in proximity to other organisms \[[@B112-microorganisms-08-00180]\] and often, they engage in antagonistic interactions to appropriate nutrients. The yeast must derive energy for cellular processes as well as obtain space to accommodate its expanding population. During the competition, yeast cells often experience nutrient and water limitation \[[@B113-microorganisms-08-00180]\]. The latter may cause yeast cells to become desiccated. This aids with survival during this period by reducing the metabolic activity of the cells. Limited metabolic activity results in the conservation of energy, therefore allowing the cell to survive for a longer period. It has been observed that *Cryptococcus* can remain alive for more than two years without nutrition and water in the environmental sources, such as dried pigeon guano \[[@B114-microorganisms-08-00180]\]. The removal of water from the cells also results in a lighter weight, which aids effective short- and long-distance dispersion to other niches with more nutrients \[[@B115-microorganisms-08-00180]\]. This phenomenon, therefore, increases the chances of cell persistence in the environment.

Lee et al. documented that nutrient limitation such as nitrogen deficiency and lower glucose concentration in media can result in a morphological switch to pseudohyphae in both *C. neoformans* and *C. gattii* \[[@B116-microorganisms-08-00180]\]. However, this change may be reversible or irreversible in some \[[@B116-microorganisms-08-00180]\]. *C. neoformans* cells in nutrient limiting conditions produce hyphae, basidia, and spore chains by bisexual and unisexual reproduction. The hyphal structure enables the cells to explore the environment, bringing them into contact with mating partners as well as to forage for nutrient sources \[[@B117-microorganisms-08-00180]\].

During bisexual reproduction opposite mating type cells secrete pheromones under nutrient-limiting conditions, and a compatible mating type would sense these molecules (secreted by the opposite mating type) via the pheromone MAPK signalling circuit \[[@B118-microorganisms-08-00180]\], initiating the formation of conjugation tubes leading to cell--cell fusion. The two cells form a diploid heterokaryon and initiate filamentous growth. Basidia are formed apically at the filament where nuclear fusion and meiosis occur, and several rounds of mitosis produce chains of basidiospores \[[@B119-microorganisms-08-00180],[@B120-microorganisms-08-00180]\]. These spores are carried externally on the basidium, which facilitates ease of air dispersion. The swept-off spores can begin to colonise new niches of the soil (including mammalian bodies) with sufficient nutrients.

On the contrary, Hsueh et al. mention in their study, that there are G-protein-dependent signalling pathways that influence sexual mating in *C. neoformans* serotype D, which involves three G protein α subunits, Gpa1, Gpa2, and Gpa3. During nutrient-limiting conditions, serotype D cells express Gpa3 to inhibit basal signalling required for filamentous growth and, therefore, prevent the induction of pheromone response. On pheromone activation, Gpa2 is expressed, contributing to the pheromone response that leads to mating \[[@B121-microorganisms-08-00180]\].

An essential aspect of sexual reproduction is the elimination of deleterious mutations leading to a fit progeny with genetic diversity \[[@B120-microorganisms-08-00180]\]. *C. neoformans* consists of two mating types, i.e., MAT**a** and MAT**α**. However, the majority of environmental and clinical isolates are MATα, which is reported to be associated with more severe infections in HIV-infected persons \[[@B122-microorganisms-08-00180]\]. The frequency of the MAT**α** suggests it may confer an environmental and clinical advantage. Genetic studies have also shown that clinical isolates are more diverse and include the isolation of the rare environmental mating-type, MAT**a** \[[@B103-microorganisms-08-00180],[@B123-microorganisms-08-00180],[@B124-microorganisms-08-00180]\].

3.4. Predation Selects for Resistance to Phagocytosis {#sec3dot4-microorganisms-08-00180}
-----------------------------------------------------

Cryptococcal cells can also fall prey to holozoic organisms such as amoeba \[[@B125-microorganisms-08-00180]\]. Amoebaepredate on organisms such as *C. neoformans* via receptor-mediated phagocytosis. In brief, the process entails the recognition of the target cell's microbe-associated molecular patterns (found on the cell surface) by the predator's pattern recognition receptors, followed by actin polymerisation, which facilitates the movement and extension of pseudopods to capture the targeted cell. The target cell is then internalised and trapped within the food vacuole. The harsh environment that prevails inside this compartment is sufficient to kill an internalised cell under normal physiological conditions \[[@B126-microorganisms-08-00180],[@B127-microorganisms-08-00180]\]. The killing is facilitated by oxygen-dependent and oxygen-independent mechanisms. In the oxygen-dependent mechanism, the lumen is flooded with reactive oxygen species that target the macromolecules of the internalised cell. In the oxygen-independent mechanism, the lumen of the food vacuole is acidified and is inundated with antimicrobial peptides such as amoeba-pore and acanthaporin, among others \[[@B126-microorganisms-08-00180],[@B128-microorganisms-08-00180],[@B129-microorganisms-08-00180]\]. These peptides kill the engulfed cells by creating pores in their cell wall \[[@B130-microorganisms-08-00180]\].

The fact that amoebae can predate on other organisms to support its growth comes with evolutionary consequences. With the exertion of sufficient predatory pressure, prey develops microbial factor(s) to subvert or circumvent the deleterious effects of the pressure. Therefore, through this interaction, cryptococcal cells, for example, become trained to better deal with other phagocytic cells such as macrophages. Interestingly, it has been theorised that phagocytic cells such as macrophages may have evolved from the free-living amoebae \[[@B125-microorganisms-08-00180]\].

Phagocytosis is a process that evolved a long time ago and is exquisitely effective in enabling phagocyte-like amoeba to obtain nutrients. Thus, from their interaction with these predators, cryptococcal cells are well sensitised to the threat of being captured and internalised and have developed several defence mechanisms that protect them from phagocytosis by both amoeba and macrophages.

Capsular components of *Cryptococcus* are known to bind and prevent antibody and complement binding \[[@B131-microorganisms-08-00180]\]. Glucuronoxylomannan (GXM), the major component of the cryptococcal polysaccharide capsule, has been shown to modulate internalisation of cells by phagocytic cells \[[@B132-microorganisms-08-00180]\]. In their study, Madu and co-workers showed that GXM decreased the levels of a fetuin-like molecule in amoeba \[[@B133-microorganisms-08-00180]\]. This protein has been reported to mediate the uptake of particulate material such as bacteria and fragments of apoptotic cells by the phagocytes \[[@B134-microorganisms-08-00180],[@B135-microorganisms-08-00180]\]. Therefore, reduced levels of fetuin may account for cryptococcal cells escaping capture and internalisation. In the same study, it was shown that 3-hydroxy fatty acids also inhibited the production of fetuin \[[@B133-microorganisms-08-00180]\]. Unlike the GXM, 3-hydroxy fatty acids are only transiently associated with capsules during their release into the extracellular environment \[[@B136-microorganisms-08-00180]\]. It is conceivable that GXM and capsular 3-hydroxy fatty acids may also affect the levels of fetuin in a mammalian host to avoid being phagocytosed because, as argued by Steenbergen and Casadevall---cryptococcal cells may perceive all phagocytic cells as the same \[[@B137-microorganisms-08-00180]\]. In the main, when cultivated, cryptococcal cells display a uniform cell wall structure. However, exposure to certain cues may see them express morphological plasticity. For example, when threatened by environmental predator such as amoeba, a cryptococcal cell may transition to form an enlarged cell, and a similar transformation may occur when attacked by immune cells due to shared similarities between amoebae and macrophages. Based on the latter, it is conceivable that the cue(threat) ought to be the same, regardless of the environment they arise from, in order for the displayed behaviour (morphological--functional characteristics) to be consistent, i.e. confer protection \[[@B137-microorganisms-08-00180]\]. However, not all cryptococcal cells in the host transition to form titan cells. In this case, it is possible that the prevailing environmental factors that surround a cryptococcal cell may also contribute to lack of titanisation.

In the host environment, several factors such as high CO~2~, iron limitation, oxidative stress, and pH changes may induce enlargement of cells (titanisation) as a mechanism of protecting them from these stressful conditions \[[@B138-microorganisms-08-00180]\]. However, this comes at a high energy cost and is highly dependent on mitochondrial activity \[[@B139-microorganisms-08-00180]\] to support the complex re-wiring of the metabolism \[[@B140-microorganisms-08-00180],[@B141-microorganisms-08-00180]\]. These larger cells are not easily internalised as they exceed the phagocytes in size \[[@B142-microorganisms-08-00180]\]. Therefore, the ability of cells to enlarge enhances their virulence further. Studies performed by Granger and co-workers showed that there is a direct correlation between cell size and decreased phagocytosis by alveolar macrophages \[[@B143-microorganisms-08-00180]\]. Moreover, it is reported that elements of the pheromone MAPK signalling circuit in mating-type MATa cells also regulate titan cell formation \[[@B58-microorganisms-08-00180]\]. Although titan cell formation is initially advantageous to cryptococcal cells regarding phagocytosis avoidance in the lungs, it does interfere later with dissemination to the brain \[[@B144-microorganisms-08-00180]\].

Phagosome-containing cryptococcal cells were shown to be "leaky", aiding in the intracellular survival and replication of *C. neoformans* \[[@B145-microorganisms-08-00180]\]. The leakage allows vacuoles containing GXM from the capsule to escape into the cytoplasm of phagocytic cells and interfere with some glycolytic enzymes thereby resulting in a loss of acidity and allows capsular cells to harness nutrients \[[@B146-microorganisms-08-00180]\]. Once this occurs, the phagocytic cells may lose their integrity and rupture, or they may allow the cryptococcal cells to exit, furthering their dissemination in the host \[[@B147-microorganisms-08-00180]\].

For phagocytosis to be initiated, complement receptors may be required to participate \[[@B148-microorganisms-08-00180]\]. These receptors are integrins and have been found on a host of phagocytic cells \[[@B149-microorganisms-08-00180]\]. These proteins recognise several endogenous ligands, including a specific sugar at the cell membrane of *C. neoformans*, which they can tag. Interestingly, integrins are also present in holozoic organisms \[[@B150-microorganisms-08-00180]\]. In their report, Cornillon and co-workers speculated that these proteins could be products of convergent evolution due to shared features \[[@B150-microorganisms-08-00180]\]. Thus, cryptococcal cells may produce an anti-phagocytic molecule called the anti-phagocytic protein 1 to avoid being tagged by environmental predators \[[@B151-microorganisms-08-00180]\]. In mammals, the anti-phagocytic protein 1 is reported to bind complement 2, and 3 factors and in turn prevent the recognition of iC3b fragments on the cryptococcal cells by the complement 3 opsonic receptor, CR3 \[[@B151-microorganisms-08-00180]\]. Other studies have shown that this protein is upregulated in glucose-limiting conditions and high temperatures (37 °C) \[[@B152-microorganisms-08-00180]\].

Macrophages and polymorphonuclear neutrophil cells create oxidative stress by producing reactive oxygen species (ROS), in the form of OH^−^ and O^2−^, which are important in killing cells trapped inside the phagosomes to prevent further dissemination \[[@B153-microorganisms-08-00180]\]. Here, these radicals can kill internalised microbes directly via oxidative damage to cellular macromolecules or indirectly by stimulating non-oxidative mechanisms such as attracting phagocytes \[[@B154-microorganisms-08-00180]\]. Despite this, there is evidence in some infections, that participation of radicals may not be sufficient to reduce the microbial burden. To circumvent the challenge of being subjected to oxidative stress, microbes may scavenge or neutralise radicals.

Several microbial antioxidant enzymes have been implicated in resolving ROS produced by host immune cells. For example, H~2~O~2~ can be decomposed by enzymes such as catalases, catalase-peroxidases, peroxidases, glutathione peroxidases and the glutathione system, peroxiredoxins, and the thioredoxin system \[[@B155-microorganisms-08-00180]\]. ROS produced externally or during normal metabolism (usually to prevent fungal infection) has generated considerable interest in defining the components of the antioxidant response and studying their role as virulence determinants in fungi such as *C. neoformans*. In *Cryptococcus*, the expression of the *SOD1* gene increases at the physiological temperature (37 °C). It has been observed that a *SOD1* mutant lacking the cytosolic Cu- and Zn-SOD is killed by ROS in a cell-free system and is significantly less virulent than the wild-type strain in a murine infection model \[[@B156-microorganisms-08-00180]\].

Moreover, mitochondrial SOD2p is a crucial factor for the survival of *C. neoformans* and *C. gattii* at 37 °C, to cope with different stress conditions and is essential to cause infection in a murine model of cryptococcosis. Strains lacking both SOD1p and SOD2p were found to be even more susceptible to oxidative and other types of stress, and incapable of producing the experimental disease \[[@B156-microorganisms-08-00180]\]. The results of an investigation showing that mice deficient in neutrophil serine proteases, but normal in ROS production, are still susceptible to fungal infection establishes a less direct role of the ROS generated by the macrophages in the microbial killing.

Internalised pathogens also encounter a nitrosative stress in the form of reactive nitrogen species (RNS) consisting of the free radical nitric oxide (NO) as well as products derived from NO such as nitrite, nitrogen dioxide, and nitrate or from the reaction of NO with other molecules to generate peroxynitrite, peroxynitrous acid, or nitrosothiols \[[@B157-microorganisms-08-00180]\]. There are only preliminary level studies that attempted to establish the genetic basis of cryptococcal resistance towards nitrosative stress \[[@B157-microorganisms-08-00180]\]. For example, Naslund and co-workers reported the internalisation of cryptococcal cells within the macrophage cell line did not directly induce the production of nitric oxide synthase---suggesting there may be enzyme repression \[[@B158-microorganisms-08-00180]\]. It is also possible that radicals may be quenched as microbial enzymes such as flavohemoglobin denitrosylase have been implicated in the direct consumption of NO \[[@B158-microorganisms-08-00180]\]. The deletion of this enzyme in *C. neoformans* was shown to attenuate this organism's virulence in a murine model \[[@B159-microorganisms-08-00180]\].

Cryptococcal cells release melanin in multiple oxidation and reduction steps \[[@B160-microorganisms-08-00180]\]. For example, a phenolic compound such as 3,4 dihydroxyphenylalanine (DOPA) can be converted to dopaquinone in a rate-limiting step catalysed by phenoloxidase with subsequent steps in the pathway leading to the production of melanin \[[@B75-microorganisms-08-00180]\]. Melanin is an effective scavenger of free radicals. The proposed mechanism by which it protects against antioxidants is by its charged groups in the melanin polymer \[[@B161-microorganisms-08-00180]\]. In addition to its role in melanin synthesis, studies have shown that laccases can produce microbial-oxygenated lipids such as prostaglandins and leukotrienes \[[@B162-microorganisms-08-00180]\]. These lipids are important immunomodulators that promote the progression of the infection.

4. Conclusions {#sec4-microorganisms-08-00180}
==============

*C. neoformans* does not require a host such as a mammal to complete its life cycle. However, its condition in the environment and interaction with other organisms, including predators, has allowed evolution and maintenance of virulence traits that are critical to its survival inside the mammalian phagocytic cells and, hence, a successful mammalian pathogen. Its ubiquitous nature in the environment means that it has interacted with several organisms, including phagocytic predators such as amoeba. This constant interaction specifically has resulted in the acquisition of virulence factors that enhance the natural survival of the cryptococcal cells. The concerted efforts of these acquired virulence factors enabled this fungus to circumvent and elude the mammalian immune response during infection, leading to the latency and persistence of cryptococcal infection. A number of these virulence factors have been extensively studied, and therefore, with this knowledge, more effective ways to control infections can be developed. One avenue that can be explored is the disruption (using chemical analogues) of the underlying signalling pathways that are critical for the downstream changes in gene expression. These compounds could be used alone or as an adjunct to boost the efficacy of the current antimicrobial agents.
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![The interplay of different signalling pathways that enable *C. neoformans* to turn environmental stresses into phenotypic and physiologic advantages that help in the production of virulence factors during pathogenesis in the host. A number of pathways are indicated above. The Grp5--Rim101 is a Pka-dependent transcriptional factor that undergoes possibly sequential and enhanced proteolysis after activation. This pathway is utilised to enlarge the cell size, maintain homeostasis, and synthesis capsules. The Ca^2+^--Calmodulin--Calcineurin pathway that may utilise Ca^2+^ to initiate several transcriptional factors through the activation of *Znf2* or *Crz1/Sp1*. This pathway promotes multi-resistance, cell growth, and biofilm formation. The Tco--Ypd1--Ssk1//Ssk2--Pbs2--Hog1--Crz/Sp1 phosphorylation pathways are phosphorelay cascade systems that can sense many environmental factors and enhance virulence production through the activation of different transcriptional factors that enable membrane stability, osmotic balance, and several exogenous resistances. The Hog1 pathway can also regulate the capsule, melanin, and ergosterol synthesis. The Gpr4--Gpa--Cac1--cAMP--Pka can sense exogenous methionine during mating and capsule induction. The downstream of this pathway is regulated by *Pkr1* while the transcriptional factors are under the influence of activated *Ngr1*. In a yet unknown way, the presence of CO~2~ through *Can2* can also activate this pathway; however, *Msl1*, which seemed to be involved in the chromatin assembly factor (CAF-1) for DNA repair may be repressing this pathway. The Ras1--Rac1//Ras1--Cdc24--Cdc42--Ste20 is sensitive to several environmental factors, and together with cAMP--Pka enhances virulence production such as capsule, melanin, actin, and several cellular resistances and tolerances. The Pdk1--Pkc1--Bck1--Mkk2--Mpk1 can be activated by metabolic stress, phosphatidylinositol (PI), and Rho-family proteins. Activated Pkc can phosphorylate several intracellular messengers, including *Crz/Sp1*, and initiate capsule and melanin production. Several transcriptional factors for resistance and tolerance can also be initiated by the *Mpk1* complemented by the *Rho*-family proteins. LEGEND: Δ---change; dashed line arrows---possible positive regulation/activation; solid line arrows---activation/production/initiation/organelle membrane crossing; dashed white line arrows---possible stimulation; solid line black arrows---stimulation; thin/double-thin line white arrows---nucleus-independent stimulation; dashed/solid/thin line bar---repression/inhibition/decrease; ?---unknown.](microorganisms-08-00180-g001){#microorganisms-08-00180-f001}
